It has been known for a century that electromagnetic fields can transport not only energy and linear momentum but also angular momentum 1,2 . However, it was not until twenty years ago, with the discovery in laser optics of experimental techniques for the generation, detection and manipulation of photons in well-defined, pure orbital angular momentum (OAM) states 3 , that twisted light and its pertinent optical vorticity and phase singularities began to come into widespread use in science and technology 4-6 . We have now shown experimentally how OAM and vorticity can be readily imparted onto radio beams. Our results extend those of earlier experiments on angular momentum and vorticity in radio 7-15 in that we used a single antenna and reflector to directly generate twisted radio beams and verified that their topological properties agree with theoretical predictions. This opens the possibility to work with photon OAM at frequencies low enough to allow the use of antennas and digital signal processing, thus enabling software controlled experimentation also with first-order quantities, and not only second (and higher) order quantities as in optics-type experiments 16 . Since the OAM state space is infinite, our findings provide new tools for achieving high efficiency in radio communications and radar technology.
For η σ = −6.22 cm, λ = 12.49 cm (ν = 2.40 GHz) and N = 8 as in the experiments reported here, this formula predicts that the reflected radio beam had an effective OAM value of ℓ ∼ −1.12.
According to the formula, a pure ℓ = −1 OAM eigenstate would have been achieved for λ = 13.99 cm (ν = 2.14 GHz). However, the commercial 2.4-2.5 GHz LAN communications Yagi-Uda antenna that was used for generating the primary radio beam did not not work satisfactorily at this frequency. Our findings are summarized in Figures 1-3 . Fig. 1a shows the prediction of the beam intensity distribution obtained in a numerical simulation, based on equation (1) for 2.40 GHz. Fig. 1b shows the outcome of the experiment. As is clearly seen, the existence of an annularly shaped intensity distribution around a central vortex eye, consistent with the existence of a vortex in the radio beam, was experimentally confirmed. The field intensity is weaker in the 2 o'clock direction, both in the simulation and the experiments. This is an effect of the non-integer value of ℓ and of the corresponding imperfect phase matching over the full circle around the vortex eye. Figs. 2a-b show, respectively, the numerical and experimental results obtained when two receiving antennas were used, one held fixed at a maximum field point, and the other sampling different positions in a plane transverse to the radio beam axis. In this case the constructive and destructive interference of the two signals clearly result in a division of the map, along the diagonal, into two regions. Finally, we present in Fig. 3 an estimate of the comparison between the simulated and experimental phase map, interpolated from the one-and two-antenna measurements. Despite the unavoidable undersampling in the measurements and an ensuing limited accuracy, the phase behaviour, particularly the 2π phase step in the 7 o'clock direction, clearly indicates that the beam carries OAM. We notice that the symmetry axis of the vortex and the phase singularity are both aligned with the mask gap direction of −45 • relative to the electric field polarization direction, as expected. The conclusion is that the experiment produced a radio-frequency vortex, in agreement with theory and numerical simulations.
The experimental verification of vorticity and OAM in radio means that a new frequency range has become available for fundamental as well as applied OAM-based experiments in disciplines ranging from relativistic astrophysics 25 and nanotechnology and biology 26 , to wireless communication with high spectral efficiency both classically 15, [27] [28] [29] and quantum mechanically 30, 31 . It also opens for the development of new radio and radar probing techniques, including spiral imaging 32, 33 . It should also be emphasized that certain physical effects and observables associated with electromagnetic OAM, for instance electromagnetic torque, are stronger for lower frequencies than for higher 7 .
Perhaps the most striking practical applications of photon vorticity in optics and astronomy are super-resolution, where the Rayleigh limit can be overcome by at least one order of magni- tude 34 , and highly efficient coronagraphy, where a contrast of up to 10 10 can be achieved 24, [35] [36] [37] [38] [39] [40] [41] . In accordance with the trivial fact that Maxwell's equations are equally valid for optical and radio frequencies, our experiments show that the new OAM-based techniques developed and employed in optics can indeed be adapted to radio. Add to that the fact that electromagnetic orbital angular momentum for a large range of frequencies, including radio, can be used to reveal ionospheric, magnetospheric, interplanetary, and interstellar plasma turbulence 32, 42 as well as rotating black holes 25 and one realises that we are likely to witness a very rapid development in the space sciences.
METHODS SUMMARY
The experiments were performed in the anechoic antenna chamber at the Ångström Laboratory of the Uppsala University, Uppsala, Sweden. The chamber is electromagnetically as well as acoustically/vibrationally shielded from the outside world. The experiments were performed at 2.4 gigahertz (12.49 cm wavelength) with a resonant 7-element Yagi-Uda an-tenna fed from a signal generator with a continuous 0.01 watt signal. The radio beam was reflected off a discrete eight-step approximation of a spiral reflector designed for a total 2π phase shift, mimicking an ideal, smooth spiral reflector. The reflected, twisted radio beam was probed with two resonant electric dipole antennas, on axis in the far zone, 7 metres (∼ 55λ ) away from the non-focusing reflector. One of the receiving antennas was held at a fixed position whereas the other was moved around to sample the signal at different fixed grid points in the one and the same plane perpendicular to the radio beam axis. By making a simultaneous measurement of the two antenna signals, the absolute amplitude and the relative phase of the electric field of the antenna beam could be estimated.
